Activation of cannabinoid receptors inhibits voltage-gated Ca 2ϩ channels and activates K ϩ channels, reminiscent of other G-protein-coupled signaling pathways that produce presynaptic inhibition. We tested cannabinoid receptor agonists for effects on excitatory neurotransmission between cultured rat hippocampal neurons. Reducing the extracellular Mg 2ϩ concentration to 0.1 mM elicited repetitive, transient increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i spikes) that resulted from bursts of action potentials, as measured by combined whole-cell current clamp and indo-1-based microfluorimetry. Pharmacological characterization indicated that the [Ca 2ϩ ] i spikes required glutamatergic synaptic transmission. Cannabinoid receptor ligands inhibited stereoselectively the frequency of [Ca 2ϩ ] i spiking in the rank order of potency: CP 54,939 Ͼ CP 55,940 Ͼ Win 55,212-2 Ͼ anandamide, with EC 50 values of 0.36, 1.2, 2.7, and 71 nM, respectively. CP 55,940 was potent, but not efficacious, and reversed the inhibition produced by Win 55,212-2, indicating that it is a partial agonist. Inhibition of [Ca 2ϩ ] i spiking by Win 55,212-2 was prevented by treatment of cultures with active, but not heat-treated, pertussis toxin. Win 55,212-2 (100 nM) inhibited stereoselectively CNQX-sensitive excitatory postsynaptic currents (EPSCs) elicited by presynaptic stimulation with an extracellular electrode, but did not affect the presynaptic action potential or currents elicited by direct application of kainate. Consistent with a presynaptic site of action, Win 55,212-2 increased both the number of response failures and the coefficient of variation of the evoked EPSCs. In contrast, cannabimimetics did not affect bicuculline-sensitive inhibitory postsynaptic currents. Thus, activation of cannabinoid receptors inhibits the presynaptic release of glutamate via an inhibitory G-protein.
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In addition to its widespread recreational use, ⌬-9-tetrahydrocannabinol, the principal psychoactive ingredient in marijuana, has significant therapeutic potential (Abood and Martin, 1992) . Cannabinoids have been reported to be clinically effective analgesics and useful in the treatment of glaucoma, bronchial asthma, diarrhea, muscle spasticity, and convulsions (Howlett, 1995) . However, established clinical use of cannabinoids has been limited to their use as antiemetics and appetite stimulants in cancer and AIDS patients (Weinroth et al., 1995) . Potential clinical applications have provided a rationale for synthesis of water-soluble cannabinoid analogs (e.g., CP 55,940 and CP 54,939) (Johnson and Melvin, 1986) and aminoalkylindoles (e.g., Win 55,212-2) (Bell et al., 1991; D'Ambra et al., 1992) that have proven to be highly selective and potent activators of cannabinoid receptors in vitro and in vivo (Devane et al., 1988; Compton et al., 1992; Compton et al., 1993) .
The cannabinoid receptor is a member of the seven helix transmembrane, G-protein-linked receptor superfamily (Matsuda et al., 1990) . Both mRNA for this receptor, and binding sites for radiolabeled cannabinoids, are distributed widely throughout the CNS, including cerebral cortex, hippocampus, basal ganglia, and cerebellum (Herkenham et al., 1990; Jansen et al., 1992; Mailleux and Vanderhaeghen, 1992; Thomas et al., 1992; Matsuda et al., 1993) . Identification of an endogenous ligand, anandamide (Devane et al., 1992; Deutsch and Chin, 1993; Felder et al., 1993; Dimarzo et al., 1994) , that activates cannabinoid receptors suggests that anandamide, in conjunction with the cannabinoid receptor, forms a neuromodulatory system .
Activation of cannabinoid receptors inhibits adenylate cyclase via an inhibitory G-protein (Howlett et al., 1986; Bidaut-Russell et al., 1990; Childers et al., 1992; Compton et al., 1993) . Similar to other receptors that interact with inhibitory G-proteins, cannabinoid receptors also couple to ion channels . Cannabimimetics inhibit N-and Q-type voltage-gated Ca 2ϩ channels via pertussis toxin (PTX)-sensitive G-proteins (Caulfield and Brown, 1992; Mackie and Hille, 1992; Mackie et al., 1995; Pan et al., 1996) . Cannabinoids enhance activation of A-type K ϩ currents in cultured hippocampal neurons via PTX-sensitive G-proteins (Deadwyler et al., 1993) , and an inwardly rectifying K ϩ channel in Xenopus oocytes co-injected with GIRK1 and cannabinoid receptor mRNA (Henry and Chavkin, 1995) . Cannabinoids also inhibit long-term potentiation of the Schaeffer collateral commissural fiber-CA1 synapse (Nowicky et al., 1987; Collins et al., 1994) , suggesting that the cannabinoid system may modulate glutamatergic synaptic transmission. Thus, cannabinoid receptor signal transduction is reminiscent of several well-characterized neurotransmitter receptor systems, including those of adenosine and the opioids, that couple to inhibitory G-proteins to produce presynaptic inhibition of synaptic transmission in the hippocampus (Thompson et al., 1993) .
In this report, we test directly the hypothesis that activation of cannabinoid receptors inhibits glutamatergic synaptic transmission. Our data are consistent with this hypothesis in that synaptic activity blocked completely by glutamate receptor antagonists also was inhibited by cannabinoid receptor agonists. Additional pharmacological characterization of this effect determined that both endogenous and synthetic cannabinoid receptor agonists activate potently and stereoselectively a presynaptic receptor that inhibits the release of glutamate via an inhibitory G-protein. Modulation of synaptic glutamate release may account for the psychoactive, analgesic, and anticonvulsant effects of the cannabinoids.
MATERIALS AND METHODS
Materials. Materials were obtained from the following companies: indo-1 AM and indo-1 pentapotassium salt, Molecular Probes, Eugene, OR; PTX, List Biological Laboratories, Campbell, CA; anandamide, (Ϫ)-bicuculline methchloride, kainic acid, NMDA, (Ϯ)Ϫ2-amino-5-phosphonopentanoic acid, CGS19755, and CNQX, RBI, Natick, MA; Win 55, Rensselaer, NY, or RBI; CP 54, 939 (desacetyllevonantradol) and CP 55,940 (levorotatory enantiomer), Pfizer, Groton, CT; media and sera, GIBCO, Grand Island, NY; and all other reagents, Sigma, St. Louis, MO.
Cell culture. Rat hippocampal neurons were grown in primary culture as described previously (Wang et al., 1994) with minor modifications. Fetuses were removed on embryonic day 17 from maternal rats anesthetized with CO 2 and killed by decapitation. Hippocampi were dissected and placed in Ca 2ϩ and Mg 2ϩ -free HEPES-buffered Hank's salt solution (HHSS), pH 7.45. HHSS was composed of the following (in mM): HEPES 20, NaCl 137, CaCl 2 1.3, MgSO 4 0.4, MgCl 2 0.5, KCl 5.0, KH 2 PO 4 0.4, Na 2 HPO 4 0.6, NaHCO 3 3.0, and glucose 5.6. Cells were dissociated by trituration through a 5 ml pipette and a flame-narrowed Pasteur pipette. Cells were pelleted and resuspended in DMEM without glutamine, supplemented with 10% fetal bovine serum and penicillin/streptomycin (100 U/ml and 100 g/ml, respectively). Dissociated cells then were plated at a density of 50,000 cells/well onto 25-mm-round 1 cover glasses that had been coated with poly-D-lysine (0.1 mg/ml), and washed with H 2 O. Neurons were grown in a humidified atmosphere of 10% CO 2 and 90% air (pH ϭ 7.4) at 37ЊC, and fed every 7 days by exchange of 30% of the media with DMEM supplemented with 10% horse serum and penicillin/streptomycin. Cells used in these experiments were cultured without mitotic inhibitors for a minimum of 2 weeks.
[Ca 2ϩ ] i measurement. [Ca 2ϩ ] i was determined using a previously described dual-emission microfluorimeter (Werth and Thayer, 1994) to monitor indo-1 (Grynkiewicz et al., 1985) . Cells were loaded with 2 M indo-1 acetoxymethyl ester for 45 min at 37ЊC in HHSS containing 0.5% bovine serum albumin. Loaded cells were placed in a flow-through chamber (Thayer et al., 1988) , and experiments were performed at room temperature. The chamber was mounted on an inverted microscope, and cells were superfused with HHSS containing 10 M glycine at a rate of 1-2 ml/min for 15 min before starting an experiment. Superfusion solutions were selected with a multiport valve coupled to several reservoirs.
For excitation of indo-1, light from a 75 W Xe arc lamp was passed through a 350/10 nm band-pass filter (Omega Optical, Brattleboro, VT). Excitation light was reflected from a dichroic mirror (380 nm), through a 70 ϫ phase-contrast oil immersion objective (Leitz, numerical aperture 1.15). Emitted light was reflected sequentially from dichroic mirrors (440 and 516 nm), through band-pass filters (405/20 and 495/20 nm, respectively) , to photomultiplier tubes operating in photon-counting mode (Thorn EMI, Fairfield, NJ). Cells were illuminated with transmitted light (580 nm long pass) and visualized with a video camera placed after the second emission dichroic. Recordings were defined spatially with a rectangular diaphragm. The 5 V photomultiplier output was integrated by passing the signal through an eight-pole Bessel filter at 2.5 Hz. This signal then was input into two channels of an analog-to-digital converter (Indec Systems, Sunnyvale, CA) sampling at 1 Hz.
After completion of each experiment, cells were wiped from the microscope field using a cotton-tipped applicator, and background light levels were determined (typically Ͻ5% of cell counts). Autofluorescence from cells that had not been loaded with dye was not detectable. Records were corrected later for background, and the ratios recalculated. Indo-1 was calibrated by converting the ratios to [Ca 2ϩ ] i by the equation
, in which R is the 405/495 nm fluorescence ratio. The K d used for indo-1 was 250 nM, and ␤ was the ratio of the emitted fluorescence at 495 nm in the absence and presence of calcium. R min , R max , and ␤ were determined in ionomycin-permeabilized cells in calcium-free (1 mM EGTA) and 5 mM Ca 2ϩ buffers. The system was recalibrated after any adjustments. Values of R min , R max , and ␤ ranged from 0. 35-0.38, 4.23-4.34, and 3.0 -3.95, respectively. Electrophysiology. Whole-cell recordings were obtained from cultured neurons using pipettes (3-5 M⍀ resistance) pulled from borosilicate glass (Narashige, Greenvale, NY) on a Sutter Instruments (Novato, CA) P-87 micropipette puller. For recording EPSCs, kainate-gated currents, and action potentials, pipettes were filled with a solution containing (in mM): k-gluconate 130, KCl 10, NaCl 10, BAPTA 10, HEPES 10, glucose 10, MgATP 5, Na 2 GTP 0.3, pH 7.2 with KOH, 300 mOsm/kg. Whole-cell recordings were established in an extracellular solution containing (in mM): NaCl 127, KCl 5, CaCl 2 10, MgCl 2 0.9, glucose 5, and HEPES 10, pH 7.4 with NaOH. For experiments measuring EPSCs and kainateevoked currents, after the gigaohm seal was formed, the external solution was changed to one containing (in mM): NaCl 140, KCl 5, CaCl 2 3, MgCl 2 6, glucose 5, HEPES 10, pH 7.4 with NaOH, 310 mOsm/kg with sucrose. High divalent ion concentrations were used to suppress polysynaptic responses. Polysynaptic responses were suppressed further by using sparse cultures and selecting pairs of cells that were alone in the microscope field (400 ϫ). The high extracellular Mg 2ϩ concentration ([Mg 2ϩ ] o ) together with the absence of glycine served to isolate the non-NMDA component of the synaptic response. In some EPSC experiments, the external solution contained 10 M bicuculline methchloride; results were similar with or without bicuculline in the bath. Action potentials were recorded in an extracellular solution that contained (in mM): NaCl 143, KCl 5, CaCl 2 1.3, MgCl 2 0.9, glucose 5, HEPES 10, pH 7.4 with NaOH, 310 mOsm/kg with sucrose. IPSCs were recorded as for EPSCs, except that the extracellular solution contained 50 M AP-5 and 10 M CNQX, and the pipettes were filled with a solution containing (in mM): KCl 140, BAPTA 10, HEPES 10, glucose 10, MgATP 5, Na 2 GTP 0.3, QX314 1, pH 7.2 with KOH, 300 mOsm/kg. For NMDA-gated currents, the pipette solution contained (in mM) CsMeSO 3 125, CsCl 15, CaCl 2 3, BAPTA 11, HEPES 20, MgATP 5, Na 2 GTP 0.3, pH 7.2 with CsOH, 300 mOsm/kg, and the external recording solution contained (in mM): KCl 5, NaCl 137, CaCl 2 1.3, HEPES 20, glucose 5, and (in M): glycine 10, strychnine 2, bicuculline methchloride 10, CNQX 10, and TTX 0.3, pH 7.4 with NaOH, 310 mOsm/kg with sucrose. Combined electrophysiology and microfluorimetry experiments were conducted in extracellular solution similar to that used for synaptic transmission recordings except that CaCl 2 was 1.3 mM, MgCl 2 was either 0.9 or 0.1 mM, and 10 M glycine was added. Na 2 GTP was omitted from the pipette solution, and 200 M indo-1 pentapotassium salt, the cell-impermeant form of the fluorescent calcium chelator, was substituted for BAPTA. Indo-1 fluorescence was measured as described above in [Ca 2ϩ ] i measurement except that background light levels were collected in the cell-attached configuration. Solutions were applied by a gravity-fed superfusion system; exchange of solutions was complete within 10 sec. Drugs were applied until an apparent steady-state inhibition was achieved.
Whole-cell currents were recorded using an Axopatch 200A patchclamp amplifier and the BASIC-FASTLAB interface system (Indec systems). For combined electrophysiology and microfluorimetry, membrane potential recordings were filtered at 25 Hz (four-pole Bessel low-pass filter) and sampled every 8 msec (slow sweeps, see Fig. 2) or were filtered at 200 Hz and sampled every 1 msec (fast sweeps, see Fig. 2 ). Synaptic transmission and current-clamp recordings were filtered at 2 kHz and sampled every 100 sec. EPSCs were elicited every 10 sec, and IPSCs were elicited every 15 sec by a 0.1 msec pulse delivered by a concentricbipolar, extracellular, stimulating electrode positioned near the cell body of a nearby neuron. The postsynaptic cell was voltage clamped at Ϫ70 mV. Action potentials were evoked every 5 sec by current injection through the patch pipette or every 15 sec by a concentric-bipolar, extracellular, stimulating electrode positioned near the cell body and recorded in whole-cell current-clamp mode. Kainate and NMDA-gated currents were recorded from cells held at Ϫ70 mV and elicited by a 15 sec bath application of agonist (100 M) applied every 5 min. These currents were filtered at 20 Hz and sampled every 10 msec. Displayed currents were not corrected for leak.
Data analysis. The frequency of [Ca 2ϩ ] i spiking was calculated from data collected during a 10 min window starting 5 min after changing the bath to 0.1 mM [Mg 2ϩ ] o for control (F control ) and from a 5 min window starting 5 min after drug application for drug-treated (F). Percent inhibition was calculated by the formula ((F control Ϫ F)/F control ) ϫ 100. The concentration-response curve was fit by a logistic equation of the form % inhibition ϭ ((I Max Ϫ I Min )/(1 ϩ (X/EC 50 ) b )) ϩ I Min , where X is the agonist concentration, I Min and I Max are the % inhibition calculated for X ϭ 0, and for an "infinite" concentration, respectively, and b is a slope factor that determines the steepness of the curve (De Lean et al., 1978) . EC 50 values were calculated by a nonlinear, least-squares curve fitting algorithm using Fig.P software (Biosoft).
Whole-cell currents were analyzed as follows. The mean current measured during the 5 msec (EPSC and IPSC) or 5 sec (kainate-gated current and NMDA-gated current) before the stimulus artifact was designated as holding current and the maximum inward current measured at any point between the upstroke and decay of the current was designated as peak current for a given response. Percent inhibition was calculated by the formula ((I max Ϫ I)/I max ) ϫ 100, in which I for a given treatment was determined by subtracting the average holding current from the average peak current of several sweeps obtained after inhibition had reached apparent equilibrium during that treatment, and I max was determined by applying the same procedure to several sweeps obtained just before drug application.
Synaptic responses were analyzed for changes in the number of failures and changes in the coefficient of variation (CV). The failure of synaptic transmission was assessed by inspecting visually individual sweeps for significant deflection from the baseline noise during 20 msec after the stimulus artifact (Ulrich and Huguenard, 1995) . CV analysis was used to determine synaptic site of action of cannabinoid agonists (Faber and Korn, 1991) . CV was calculated from 10 to 30 consecutive sweeps. CV ϭ (var signal ) 0.5 /M, where M is the mean EPSC amplitude and the var signal is the variance of the recorded EPSC amplitudes corrected for the variance of the background noise using the relation var signal ϭ var EPSC Ϫ var noise . Background noise was estimated by subtracting two periods of averaged recording of baseline before the stimulus artifact from each other (Sayer et al., 1989) . Changes in the ratio of the CVs squared (r), r ϭ CV control 2 /CV drug 2 were compared with the modification factor (), ϭ M drug /M control (Ulrich and Huguenard, 1995) .
Changes in the action potential were assessed by measuring the resting membrane potential, action potential threshold, action potential duration, and action potential amplitude. Resting membrane potential was determined by calculating the mean membrane potential during the 5 msec preceding current injection. Action potential threshold was defined as the inflection point of the derivative of the membrane potential during current injection. Amplitude was measured from threshold to the peak, and the action potential duration was measured at half peak amplitude.
Data are presented as mean Ϯ SEM. Statistical comparisons were made by Student's t test or ANOVA with Bonferroni post-test. (Kudo and Ogura, 1986; Abele et al., 1990; Rose et al., 1990; Robinson et al., 1993) . In rat hippocampal cultures, reducing [Mg 2ϩ ] o to 0.1 mM elicited repetitive [Ca 2ϩ ] i spikes (Fig. 1A) . Spike frequency and amplitude decreased over the first 5 min to stabilize at a mean frequency of 0.15 Ϯ 0.08 Hz (mean Ϯ SD, n ϭ 215) and amplitude of 395 Ϯ 32 nM (n ϭ 26). This frequency is in good agreement with the frequency of [Ca 2ϩ ] i spikes observed in response to treatment of cultured cortical (Robinson et al., 1993) and hippocampal (Kudo and Ogura, 1986; Ogura et al., 1987) ] i spiking was dependent on glutamatergic synaptic activity, as indicated by complete block of spiking by the non-NMDA receptor antagonist CNQX (Fig. 1B) ] o -induced spiking to all drugs tested in this study was independent of the initial frequency of spiking. Recording changes in [Ca 2ϩ ] i spike frequency provides a relatively straightforward method to study the effects of drugs on glutamatergic synaptic activity (Abele et al., 1990; Rose et al., 1990; Robinson et al., 1993) .
RESULTS

Reduced
Low [Mg 2؉ ] o (0.1 mM)-induced [Ca 2؉ ] i
spiking is driven by bursts of action potentials
To characterize the nature of the electrical activity that underlie [Ca 2ϩ ] i spikes, we conducted combined whole-cell current-clamp and microfluorimetric recordings. In Figure 2 , membrane potential (lower trace) was recorded simultaneously with indo-1-based [Ca 2ϩ ] i measurements (upper trace). Virtually all neurons in these hippocampal cultures had some level of spontaneous activity. Typically, as shown in the initial 1 min of the recording in Figure  2 , we observed either occasional, single action potentials that failed to produce a detectable increase in [Ca 2ϩ ] i or a spontaneous burst of action potentials that produced a small transient [Ca 2ϩ ] i increase as shown in Figure 2 immediately preceding the reduction in [Mg 2ϩ ] o . After reducing [Mg 2ϩ ] o to 0.1 mM, periodic bursts of action potentials were generated coincident with large [Ca 2ϩ ] i spikes. In Figure 2 inset, a recording of a spontaneous (Abele et al., 1990; Rose et al., 1990; Robinson et al., 1993) . We found that reducing [Mg 2ϩ ] o to 0.1 mM rather than omitting it altogether decreased the frequency slightly and enhanced the stability and periodicity of bursts, rendering the method more suitable for assessing effects of drugs on glutamatergic synaptic activity (Abele et al., 1990) .
Cannabinoid receptor agonists inhibit stereoselectively [Ca
2؉ ] i spiking
We evaluated the effects of cannabimimetics on 0.1 mM [Mg 2ϩ ] oinduced [Ca 2ϩ ] i spiking. Our initial test for a potential role of cannabinoid receptors in modulating glutamatergic synaptic activity was to take advantage of the stereoisomers of Win 55,212, which differ in affinity for cannabinoid receptors by well over 1000-fold (D'Ambra et al., 1992; Jansen et al., 1992; Kuster et al., 1993) . As shown in Figure 3 , superfusion with 10 nM Win 55,212-3, the inactive isomer, was without effect, although subsequent application of the active enantiomer, Win 55,212-2, completely blocked low [Mg 2ϩ ] oinduced [Ca 2ϩ ] i spiking. Overall, 10 nM Win 55,212-2 inhibited spiking frequency by 86 Ϯ 4%, whereas 10 nM Win 55,212-3 did not affect [Ca 2ϩ ] i spiking in any of the seven cells tested.
Synthetic cannabinoid receptor agonists are potent inhibitors of [Ca
2؉
] i spiking frequency
We tested two classes of synthetic cannabinoid receptor agonists for their ability to inhibit, in a concentration-dependent manner, low [Mg 2ϩ ] o -induced excitatory activity. CP 54,939 and CP55,940 are chemical derivatives of cannabinol (Johnson and Melvin, 1986) . Win 55,212-2 is an aminoalkylindole, a group of compounds with potent cannabimimetic actions (Bell et al., 1991; D'Ambra et al., 1992) . As shown in Figure 4 , these compounds all potently reduced the frequency of 0.1 mM [Mg 2ϩ ] o -induced [Ca 2ϩ ] i spiking. Increasing the concentration of these cannabimimetic drugs produced a graded reduction in the frequency of the spikes. Spike amplitude also decreased with increasing concentrations of the drugs, although this effect was more variable and only became apparent at concentrations that produced at least 50% inhibition of spike frequency. EC 50 values were calculated by fitting the concentration response data plotted in Figure 4D with a logistic equation as described in Materials and Methods. EC 50 values for CP 54,939, CP 55,940, and Win 55,212-2 were 0.36 Ϯ 0.05, 1.2 Ϯ 0.7, and 2.7 Ϯ 0.3 nM, respectively, in reasonable agreement with previously published potency and rank order, which varies somewhat between preparations (see Discussion). The slope factors (b) for CP 54,939, CP 55,940, and Win 55,212-2 were 0.89 Ϯ 0.09, 0.98 Ϯ 0.46, and 1.6 Ϯ 0.26, respectively. Because known drug concentrations were perfused continually in these experiments, b can be interpreted as the Hill coefficient n H (De Lean et al., 1978) . Thus, for CP 54,939 and CP 55,940, a single class of noncooperative binding sites is suggested, because b approximates 1. Interestingly, the b value for Win 55,212-2, an aminoalkylindole, appears greater than the values calculated for the cannabinoid analogs CP 54,939 and CP 55,940. A more complete structure activity relationship is required to determine the significance of this observation to the interaction of these drugs with the cannabinoid receptor.
CP55,940 is a partial agonist
Because CP 55,940, even at 1000 nM, a concentration over 800 times the EC 50 , produced maximal reduction in [Ca 2ϩ ] i spiking frequency of only 44 Ϯ 10%, we explored the possibility that this compound was a partial agonist in this system. This experiment is shown in Figure 5 . We elicited [Ca 2ϩ ] i spiking in a hippocampal neuron by reducing the [Mg 2ϩ ] o to 0.1 mM, which was maintained throughout the recording. Spiking then was blocked completely by application of the full agonist Win 55,212-2 (100 nM). In the continued presence of Win 55,212-2, application of 100 nM CP 55,940 restored [Ca 2ϩ ] i spiking activity to 48 Ϯ 9% of control, indicating that CP 55,940 antagonized the activity of Win 55,212-2. Thus, CP 55,940 is a partial agonist. Partial agonist properties for cannabinoid receptor-mediated inhibition of Ca 2ϩ currents have been described previously for anandamide in NG108-15 cells and for CP 55,940 in sympathetic neurons injected with rat brain cRNA encoding the cannabinoid receptor (Pan et al., 1996) .
Anandamide inhibits [Ca
2؉ ] i spiking
Anandamide is synthesized and metabolized in brain (Devane et al., 1992; Deutsch and Chin, 1993; Dimarzo et al., 1994) and binds to cannabinoid receptors, inhibiting both adenylate cyclase and voltage-gated Ca 2ϩ channels (Felder et al., 1993 
where X is the drug concentration, I Min and I Max are the % inhibition calculated for X ϭ 0 and for an "infinite" concentration, respectively, and b is a slope factor that determines the steepness of the curve. EC 50 values were calculated by a nonlinear, least-squares curve fitting algorithm using tors expressed in murine Ltk (L)-cells (Felder et al., 1993) . Anandamide (3 M) inhibited [Ca 2ϩ ] i spiking by 84 Ϯ 8% (n ϭ 3), similar to the maximal block observed with Win 55,212-2 and CP 54,939. However, the concentration-response curve was very broad, spanning a four-log change in concentration, and the slope factor, b, was 0.59 Ϯ 0.19, considerably less than 1. The shallow slope of the dose-response curve may have resulted from nonspecific inhibition of glutamatergic synaptic transmission at high concentrations. A significant decrease in anandamide concentration owing to metabolism was unlikely, because the bath was superfused continually with drug; the 200 l chamber was perfused at a rate of 1-2 ml/min, resulting in a complete bath exchange every 10 sec. Because partial agonist properties of anandamide have been reported previously Fride et al., 1995) , we conducted experiments similar to those described above using CP 55,940 (Fig. 5) to test directly whether anandamide was a partial agonist in inhibiting [Ca 2ϩ ] i spiking in the present study. Coapplication of 100 nM, 300 nM, 1 M, and even 3 M (n ϭ 3) anandamide together with 100 nM Win 55,212-2 failed to reverse inhibition of 0.1 mM [Mg 2ϩ ] o -induced [Ca 2ϩ ] i spiking produced by Win 55,212-2 alone (data not shown). Thus, we were unable to detect partial agonist properties of anandamide in inhibiting [Ca 2ϩ ] i spiking in the present study.
Cannabinoid receptor agonists inhibit [Ca 2؉ ] i spiking via an inhibitory G-protein
Cannabinoid receptor-mediated inhibition of adenylyl cyclase (Howlett et al., 1986) , activation of K ϩ channels (Deadwyler et al., 1993; Henry and Chavkin, 1995) , inhibition of Ca 2ϩ channels (Caulfield and Brown, 1992; Mackie and Hille, 1992; Mackie et al., 1995; Pan et al., 1996) , and, potentially, activation of phospholipase A 2 (Audette et al., 1991) are mediated by coupling to inhibitory G-proteins. We investigated whether inhibition of [Ca 2ϩ ] i spiking by cannabimimetics described here also was mediated by an inhibitory G-protein by treating the cultures with PTX. Cultures treated with either 500 ng/ml PTX for 24 hr, 1 g/ml cholera toxin (CTX) for 4 hr, or 500 ng/ml heat-inactivated (15 min, 95ЊC) PTX for 24 hr were compared with untreated control cultures. As shown in Figure 7A 
Cannabinoid receptor agonists inhibit the presynaptic release of glutamate
Data presented thus far indicate clearly that cannabinoid receptor agonists interfere with an excitatory pattern of electrical activity that requires activation of glutamatergic synapses. To test whether the cannabimimetics were acting directly on glutamatergic synaptic transmission, and further resolve whether the effects of these drugs were pre-or postsynaptic, we recorded excitatory postsynaptic currents (EPSCs) using the whole-cell configuration of the patch clamp. The presynaptic cell was stimulated with an extracellular bipolar concentric electrode, and EPSCs were recorded in extracellular solution that contained no glycine and 6 mM [Mg 2ϩ ] o to reduce the probability of polysynaptic responses. As shown in Figure 8 , presynaptic stimulation for 100 sec elicited reproducible EPSCs. Experiments in which EPSCs exhibited a multicomponent waveform or were not coupled strictly in one-to-one fashion with the stimulus were not included in the data set. The 14 experiments that met these criteria had a mean latency of 4.1 Ϯ 0.7 msec, a mean rise time (t 1/2 ) of 1.5 Ϯ 0.1 msec, a mean amplitude of 463 Ϯ 97 pA, and an average recovery time constant () of 4.6 Ϯ 0.4 msec. In nine experiments, superfusion of 10 M CNQX inhibited reversibly synaptic transmission by 93 Ϯ 2% (Fig. 8A, B) ; the noncompetitive NMDA receptor antagonist CGS19755 (10 M) had no effect (3 Ϯ 11% inhibition, n ϭ 4), indicating that under these conditions, the EPSCs were mediated entirely by glutamate activation of non-NMDA receptors. As shown in Figure 8 , A and B, superfusion of 100 nM Win 55,212-3, the inactive enantiomer, did not affect EPSC amplitude (0.3 Ϯ 0.8%; n ϭ 6) significantly. In contrast, the active compound Win 55,212-2 (100 nM) inhibited EPSC amplitude by 86 Ϯ 4% ( p Ͻ 0.05; n ϭ 10, paired t test). We also tested the partial agonist CP 55,940 (1 M) for effects on EPSCs and found, similar to [Ca 2ϩ ] i spiking experiments, that CP 55,940 showed modest efficacy producing maximal inhibition of 60 Ϯ 6% (n ϭ 5). Furthermore, the inhibition produced by 100 nM Win 55,212-2 (92 Ϯ 3%) was partially reversed by 100 nM CP 55,940 (71 Ϯ 4%, n ϭ 4, p Ͻ 0.01, paired t test).
Win 55,212-2 (100 nM) did not significantly affect inward currents elicited by exogenously applied kainate (100 M), as shown in Figure 8C . When Win 55,212-2 was present during the second application of kainate, the second response was 99 Ϯ 4% (n ϭ 5) of the first. CNQX blocked completely the kainate-induced currents (n ϭ 4). Thus, 100 nM Win 55,212-2 did not affect directly AMPA-or kainate-activated ion channels. Although the recording conditions used for evoked synaptic currents eliminate an NMDA receptor-mediated component, the 0.1 mM [Mg 2ϩ ] o induced [Ca 2ϩ ] i spiking activity was inhibited significantly by NMDA receptor antagonists. Thus, we tested NMDA-activated currents for sensitivity to cannabimimetics. In control experiments, the second current evoked by 100 M NMDA was 91 Ϯ 5% of the first (n ϭ 7). Win 55,212-2 (100 nM) did not affect the second response significantly (79 Ϯ 4%), relative to the rundown seen in control (n ϭ 7).
Because ⌬-9-tetrahydrocannabinol at micromolar concentrations will inhibit voltage-gated Na ϩ channels (Turkanis et al., 1991) , we explored the possibility that Win 55,212-2 might inhibit the presynaptic action potential evoked by field stimulation. Action potentials were evoked in six cells held in whole cell current clamp by direct current injection. Win 55,212-2 (100 nM) had no effect (paired t test) on resting membrane potential (Ϫ60 Ϯ 1 vs Ϫ59 Ϯ 1 mV), action potential threshold (Ϫ36 Ϯ 3 vs Ϫ34 Ϯ 3 mV), action potential duration (1.2 Ϯ 0.2 vs 1.1 Ϯ 0.1 msec), or action potential amplitude (87 Ϯ 4 vs 88 Ϯ 4 mV). In four cells, current injection elicited a rapid action potential followed by a secondary depolarization that we determined was an excitatory postsynaptic potential (EPSP) (Fig. 8D1) . Presumably, the action potential was exciting a local circuit, possibly an autapse, that fed back onto the current-clamped cell. Win 55,212-2 (100 nM) had no effect on the evoked action potential, although it blocked the EPSP completely (Fig. 8D2) . TTX blocked both the action potential and EPSP (Fig. 8D3) . After washout of TTX (Fig. 8D4) , 10 M CNQX was found to block the EPSP completely (Fig. 8D5) . Thus, in the same cell, we found that Win 55,212-2 had no effect on the action potential waveform at a concentration that blocked the EPSP completely. Similar results were obtained in cells stimulated by extracellular electrode (n ϭ 3). We hypothesize that Win 55,212-2 activates presynaptic cannabinoid receptors that subsequently inhibit the release of glutamate into the synaptic cleft.
In experiments such as that represented in Figure 8A , fluctuation in the amplitude of the EPSCs reflects probabilistic release of transmitter. We analyzed synaptic transmission experiments for changes in the CV of the evoked EPSCs as described by Faber and Korn (1991) . This analysis assumes CV 2 to be inversely proportional to quantal content and independent of the size of a quantum. Thus, the ratio of the squared CVs (r) before and after drug treatment (r ϭ CV control 2 /CV drug 2 ) should remain at unity for a Figure 8 . Cannabinoid receptor activation inhibits glutamatergic neurotransmission. A, Plot of EPSC amplitude versus time showing that Win 55,212-3 (100 nM) had no effect, but Win 55,212-2 (100 nM) elicited substantial and reversible inhibition of EPSC amplitude. CNQX (10 M) blocked EPSCs completely, whereas CGS19755 (10 M) had no effect. Drugs were applied as indicated by the horizontal bars. Data collection was stopped briefly during the break in the plot at ϳ15 min. B, EPSCs recorded during the experiment in A. Traces are time-superimposed averages of three EPSCs recorded during the indicated treatment. The large spike at the left of the records is stimulus artifact. Scale bars apply to both sets of currents. C, Win 55,212-2 (100 nM) did not inhibit whole-cell currents evoked by application of 100 M kainate. CNQX (10 M) blocked kainate currents completely. The horizontal bars indicate kainate application. D, Win 55,212-2 (100 nM) did not affect the action potential waveform elicited by current injection. In normal recording solution, current injection evoked an action potential followed by a secondary EPSP (D1). Win 55,212-2 blocked the EPSP (D2). TTX (0.3 M) abolished both action potential and secondary EPSP (D3). CNQX (10 M) also blocked secondary EPSP (D5) reversibly (D6). The bars below each trace indicate when current was injected.
purely postsynaptic effect that would alter the size of the quanta, not the probability, of their release. A presynaptic site of action for the cannabinoids predicts that these drugs should produce a reduction in r at least as much as a reduction in the amplitude of the EPSCs. In Figure 9A , r values calculated for Win 55,212-2 (solid circles), CP 55,940 (solid triangles), and CNQX (open squares) are plotted versus the modification factor (). is the fraction of EPSC amplitude that remains in the presence of drug ( ϭ EPSC drug /EPSC control ). The mean r and for 100 nM Win 55,212-2 were 0.08 Ϯ 0.03 and 0.18 Ϯ 0.04, respectively (n ϭ 10). In nine of the experiments, 10 M CNQX also was applied (open squares), presumably acting postsynaptically. The mean r and for 10 M CNQX were 0.4 Ϯ 0.1 and 0.09 Ϯ 0.02, respectively (n ϭ 9). Whereas all of the points from cannabimimetic treatment (solid symbols) were on or below the diagonal (slope ϭ 1), those in the presence of CNQX (open symbols) all were above the diagonal. Finding that for the cannabimimetics, mean r was smaller than the mean is consistent with a presynaptic site of action, because the reduction in EPSC amplitude can be accounted for entirely by a reduction in quantal content. As shown in Figure 9B , the appropriately scaled EPSC in the presence of Win 55,212-2 could be superimposed on the control. A reduction in the scale, but not the shape, of the EPSC waveform after cannabinoids suggests that the same synaptic boutons were activated under both conditions (Ulrich and Huguenard, 1995) . Win 55,212-2 (100 nM) also increased the number of synaptic failures from 4 Ϯ 4% in control to 40 Ϯ 11% (Fig. 9C) . CP 55,940 (1 M) increased response failures from 3 Ϯ 2% to 25 Ϯ 11%.
Thus, four lines of evidence point to a presynaptic site of action for the reduction in glutamatergic neurotransmission produced by the cannabinoids. Cannabinoids did not affect the action potential that serves as the stimulus for evoked EPSCs, nor did the drugs affect the direct activation of glutamate-gated ion channels. Cannabinoids did increase both the coefficient of variation and the number of response failures for evoked EPSCs.
Cannabinoid receptor activation does not affect GABA-mediated inhibitory neurotransmission
In primary rat hippocampal cultures, the [Ca 2ϩ ] i spiking activity results from complex electrical activity that includes an inhibitory tone that also might be susceptible to modulation by cannabimimetics. To test whether cannabimimetics affect inhibitory synaptic transmission, we recorded IPSCs using the whole-cell configuration of the patch clamp. The presynaptic cell was stimulated with an extracellular bipolar concentric electrode, and IPSCs were recorded with 140 mM Cl Ϫ in the patch pipette producing large inward currents (Wilcox and Dichter, 1994) . As shown in Figure 10 , IPSCs were blocked completely by 10 M bicuculline, confirming that they were mediated by GABA-activated ion channels. The IPSCs were not affected by 100 nM Win 55,212-2 (4 Ϯ 6%, n ϭ 10). Furthermore, CP 55,940 (1 M) had no effect on evoked IPSCs (n ϭ 3). Thus, cannabinoid receptor agonists had no effect on GABAergic synaptic transmission in these rat hippocampal cultures.
DISCUSSION
In rat hippocampal cultures, cannabinoid receptor agonists inhibited both glutamatergic synaptic transmission elicited by reducing [Mg 2ϩ ] o , which excites the entire network of neurons in the culture (Robinson et al., 1993) , and glutamatergic EPSCs elicited by direct stimulation of the presynaptic neuron. These effects were clearly mediated by cannabinoid receptors, as indicated by pharmacological criteria: (1) The agonists were potent; subnanomolar concentrations inhibited neurotransmission. We concluded that activation of cannabinoid receptors inhibited the release of glutamate presynaptically. Win 55,212-2 de- versus the ratio of the EPSC amplitude ( ϭ M drug /M control ) shows that all the points generated in the presence of 100 nM Win 55,212-2 (solid circles) and 1 M CP55,940 (solid triangles) lay on or below the diagonal (r ϭ ), whereas points generated in the presence of 10 M CNQX (open squares) lay above the diagonal. B, After scaling to the peak of control, the average EPSC of five sweeps in the presence of 100 nM Win 55,212-2 was superimposed on that of control. The current surge before the EPSC is stimulus artifact. C, Summary of successful synaptic responses during control and after application of 100 nM Win 55,212-2. In the presence of 100 nM Win 55,212-2, successful synaptic responses were reduced from 96 Ϯ 4% (control) to 60 Ϯ 11%, n ϭ 10, *p Ͻ 0.01 (paired t test). Figure 10 . Cannabinoid receptor activation does not affect GABAmediated inhibitory neurotransmission. Inward IPSCs were recorded from a Ϫ70 mV holding potential with 140 mM internal Cl Ϫ as described in Materials and Methods. Win 55,212-2 (100 nM) had no effect on the amplitude of IPSCs evoked by stimulation of the presynaptic cell with an extracellular electrode. IPSCs were blocked by 10 M bicuculline. Drugs were applied at the times indicated by the horizontal bars. Inset, Representative IPSC traces during control, Win 55,212-2 treatment and bicuculline treatment were superimposed. Each trace is the average of five consecutive sweeps recorded during the indicated treatment.
creased the amplitude of EPSCs evoked by stimulation of the presynaptic neuron, but did not affect currents elicited by the exogenous application of kainate or NMDA. This effect was not a result of preventing the stimulus from reaching the nerve terminal, because Win 55,212-2 did not affect the evoked action potential. Indeed, in cells that participated in local networks, the drug left the action potential intact but completely blocked the EPSP. Furthermore, cannabimimetics did not affect IPSCs elicited in the same manner. Win 55,212-2 increased both the CV of the synaptic response and the number of failures, providing additional evidence of a presynaptic site of action. CV analysis requires certain assumptions. Of primary concern is that the same synaptic boutons are activated in the presence of drugs. This appears to be the case for the experiments described here, because the EPSC waveform changed in scale but not shape. Cannabinoid activation of K ϩ channels (Deadwyler et al., 1993; Henry and Chavkin, 1995) may produce a presynaptic hyperpolarization that contributes to the inhibition of EPSC amplitude. However, a postsynaptic shunting of the synaptic currents is unlikely to account for the reduction in amplitude, because even a 10-fold change in membrane conductance would be predicted to only moderately influence the EPSC (Spruston et al., 1993) . N-and P-type Ca 2ϩ channels control the release of glutamate in the hippocampus (Luebke et al., 1993; Wheeler et al., 1994; Piser et al., 1995; Scholz and Miller, 1995) , and activation of cannabinoid receptors inhibits these channels Mackie et al., 1995; Pan et al., 1996) , suggesting that cannabimimetics may inhibit excitatory neurotransmission by modulating the influx of Ca 2ϩ into the nerve terminal.
Other functional and anatomical evidence suggests a presynaptic locus for cannabinoid receptors. Cannabinoids inhibit electrically evoked, cholinergically mediated contraction of isolated vas deferens and ileum (Roth, 1978; Nye et al., 1985; Pertwee et al., 1992; Compton et al., 1993) . Cannabinoids inhibit depolarizationevoked synaptosomal Ca 2ϩ influx (Harris and Stokes, 1982; Okada et al., 1992) , and bind with high affinity to synaptosomal membranes (Devane et al., 1988) . Lesions of striatal projections to substantia nigra eliminated cannabinoid receptor binding in substantia nigra (Herkenham et al., 1991; Glass et al., 1993) , and Win 55,212-2 attenuated GABAergic activity in the substantia nigra evoked by stimulation of the striatum (Miller and Walker, 1995) , suggesting that cannabinoids might modulate the release of GABA. Cannabimimetics were without effect on IPSCs evoked in hippocampal cultures. Taken together, these results indicate that cannabinoid receptors are distributed widely and suggest that in many cases, they are localized presynaptically to modulate the release of several different neurotransmitters.
Cannabinoid mediated changes in glutamatergic neurotransmission were consistent with other cannabinoid mediated responses. The stereoisomers of Win 55,212-2 showed a marked difference in potency, and the three synthetic compounds tested inhibited excitatory synaptic activity in the rank order CP 54,939 (EC 50 ϭ 0.36 nM) Ͼ CP 55,940 (EC 50 ϭ 1.2 nM) Ͼ Win 55,212-2 (EC 50 ϭ 2.7 nM). We found the potency of these compounds in reasonable agreement with their binding to brain membranes (Devane et al., 1988; Kuster et al., 1993) , inhibition of electrically stimulated contraction of peripheral smooth muscle Compton et al., 1993) , inhibition of adenylyl cyclase in the case of CP 54,939 , and inhibition of Ca 2ϩ currents (Mackie and Hille, 1992) . The drugs were 10-fold more potent in this assay than for binding to brain slices (Herkenham et al., 1990; Jansen et al., 1992; Thomas et al., 1992) and 100 times more potent in this assay than for inhibition of adenylate cyclase in the case of CP 55,940 and Win 55,212-2 (Childers et al., 1992; Compton et al., 1993) . The rank order of potency for these compounds has varied somewhat, depending on the particular assay system, although CP 55,940 was consistently found to be more potent than Win 55,212-2, possibly because of the interaction of the ligands with different residues on the receptor (Song and Bonner, 1995) .
Anandamide inhibited glutamatergic synaptic transmission with an EC 50 of 71 nM, in good agreement with the range of affinity and potency values reported for anandamide. In murine L-cells, anandamide competes with CP 55,940 for binding to cannabinoid receptors with a K i of 543 nM and inhibits cAMP production with an IC 50 of 160 nM (Felder et al., 1993) . Anandamide competes with CP 55,940 for binding to P 2 membranes with a K i of 101 nM (Smith et al., 1994) and binds to mouse forebrain membranes with a K D of 143 nM (Hillard et al., 1995) . In N18 neuroblastoma cells, anandamide inhibits Ca 2ϩ current with an IC 50 of 20 nM, but only 61% efficacy relative to the full agonist Win 55,212-2 . Anandamide inhibits electrically evoked contraction of ileum and vas deferens with IC 50 s of 289 and 61 nM, respectively (Pertwee et al., 1995) . Thus, anandamide is ϳ10-to 100-fold less potent than the synthetic cannabinoids and aminoalkylindoles tested in this study. In some preparations, the apparent potency of anandamide is attenuated significantly by degradation, as indicated by its enhanced potency in the presence of phenylmethylsulphonyl fluoride, which inhibits degradation (Hillard et al., 1995; Pertwee et al., 1995) . In the present study, the concentrationresponse curve for anandamide was broad, which may have resulted from nonspecific inhibition of synaptic activity at high concentrations of anandamide, or metabolism of the compound, which we did not attempt to prevent. However, continual superfusion of anandamide in the experiments reported here renders a significant decrease in drug concentration owing to metabolism unlikely. Consistent with this interpretation, the inhibition of glutamatergic synaptic transmission described here is among the more potent effects of anandamide reported to date.
The data presented here suggest that CP 55,940 is a partial agonist. CP 55,940 maximally inhibited Ca 2ϩ spiking by only 44%, compared with complete inhibition by both Win 55,212-2, and CP 54,939. Similarly, Pan et al. (1996) found that CP 55,940 produced only 38% inhibition of N-type Ca 2ϩ channels in rat sympathetic neurons injected with CB1 receptor cRNA. In contrast, in NG108-15 cells, Win 55,212-2 and CP 55,940 elicited identical inhibition of voltage-gated Ca 2ϩ channels, and these compounds fully occluded Ca 2ϩ channel inhibition by each other (Mackie and Hille, 1992) . Mackie and Hille (1993) found that anandamide had partial agonist activity compared with Win 55,212-2 for inhibition of Ca 2ϩ channels in N18 cells, and low doses of anandamide attenuated both inhibition of adenylate cyclase and behavioral effects evoked by ⌬-9-tetrahydrocannabinol (Fride et al., 1995) . We found that anandamide exhibited a broad dose-response curve, but micromolar concentrations inhibited [Ca 2ϩ ] i spiking by greater than 80%, indicating that anandamide is nearly a full agonist for inhibition of glutamatergic synaptic transmission in hippocampal cultures. We confirmed these results by demonstrating that CP 55,940, but not anandamide, reversed inhibition by the full agonist Win 55,212-2. Thus, the efficacy of CP 55,940 and anandamide appears to be reversed for inhibition of Ca 2ϩ current in N18 neuroblastoma cells versus inhibition of Ca 2ϩ current in a neuronal expression system and inhibition of excitatory synaptic transmission in cultured hippocampal neurons. These intriguing
